On the Colors of Visual Pigment Chromophores by Hubbard, Ruth & Kropf, Allen
LETTERS  TO  THE  EDITOR
[Brief letters  to the Editor  that make  specific  scientific  reference  to  papers pub-
lished  previously  in THE JOURNAL  OF  GENERAL  PHYSIOLOGY  are invited.  Receipt
of such  letters  will  be  acknowledged,  and  those  containing  pertinent  scientific
comments and scientific  criticisms will be published.]
On the Colors  of Visual  Pigment Chromophores
Dear Sir:
All known visual pigments are formed  by the combination  of 1 I -cis retinal  (Fig. 1)
with a  member  of  the family  of  proteins  called  opsins,  found  in  the  visual  cells  of
vertebrates  and invertebrates.  The absorption maximum  (X,,) of solutions  of l- lCis
retinal  in aqueous  detergents  lies at about  385  mp. The  absorption  maxima  of the
visual pigments it gives rise to cover a range of at least 130 m#, from the  Xm.  of the
blue receptors  of human  and honeybee  color vision  at about 435  to 450  mpu,  to the
)max  of the  cone pigment,  iodopsin, and  of the red receptor of human color vision at
about 555 to 570 m/  (cf. Goldsmith,  1958; Brown and Wald,  1964; Wald,  1964).  The
absorption maximum of rhodopsin, the visual  pigment found in most vertebrate rods,
lies near 500 mp, roughly half way between  these extremes.  A number  of visual pig-
ments  with X,, at  intermediate  positions  have  been  described  (cf.  Dartnall  and
Lythgoe,  1965).  Some  examples  are the  rhodopsins  of the octopus and  of deep  sea
fishes,  with  Xma  at or near 480 m/A  (Denton and  Warren,  1956;  Wald  et al.,  1957;
Brown and Brown,  1958); the visual pigment of a gecko lizard with Xmx at about 524
m/u  (Crescitelli,  1956-57); and the green receptor of human color vision,  with X..x at
about 540 my (Wald,  1964).
Similar relationships exist in a second category of visual pigments, found principally
in fresh water fishes, which have a chromophore  based on the  1  l-cis isomer of retinal,
the 3,4-dehydro form of retinal, which differs from retinal only in containing one more
conjugated  double bond, and hence has Xmax shifted about  15 to 20 m/y to longer wave
lengths  (cf. Dartnall  and  Lythgoe,  1965).
Blatz  (1964-65)  has recently proposed  a charge  transfer  mechanism,  by which he
predicts absorption maxima and hence the colors of the visual pigment chromophores
from theory.  He proposes that different opsins appose Lewis acids at different carbon
atoms along the conjugated  system of the chromophore,  thus inducing  the formation
of carbonium  ions which differ in  their length of conjugation,  and  therefore  in  Xm=.
Blatz develops  these ideas quantitatively with the help of an equation formulated  by
H.  Kuhn  (1949)  to  explain  the  colors  of polyenes,  polymethine  dyes,  and  similar
compounds on a quantum mechanical  basis.
Kuhn relates the  absorption maximum  (X1)  of a molecule  containing a conjugated
system of alternating  single and double  bonds,  to the length  of conjugated  chain, L,
and  the number of 7r-electrons,  N, by the equation,
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where  h is Planck's constant,  c,  the velocity  of light,  m, the  mass of the electron,  and
V,,  the  amplitude  of  the  sine-shaped  potential  along  the  conjugated  chain  which
according  to  Kuhn can  assume  values  between  0  and  2.0  ev. This  equation  defines
)maxl  in terms  of two variables:  V7, which is  related to the  degree of resonance  in the
conjugated system  in its ground state; and the number of conjugated double bonds in
the system, which determines both L and N. If there is much resonance,  V0 approaches
zero; if there is relatively little resonance,  as in polyenes,  V0 approaches or equals 2.0.
In  intermediate  cases  Vo assumes intermediate values.
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FIGURE  1.  Structural  formula  of retinal  (formerly  retinene  or  vitamin  A  aldehyde),
showing  the  system  of numbering  carbon  atoms.  The  molecule  as drawn  has  the all-
trans configuration.  Retinal2,  3,4-dehydroretinal,  contains  one additional  double  bond
located between carbon  atoms 3 and 4 in  the  3-ionone ring.
Kuhn gives  two ways of estimating L and N, depending  upon  the degree  of reso-
nance in  the conjugated  system. When  this is great (as in the polymethines),  so  that
all carbon-to-carbon  bonds have virtually the same length,
L  =  (2j +  2)1,
and
N  =  2j +  2,
where j  is  the number  of double bonds,  and  is  Pauling's  length for the carbon-to-
carbon bonds in benzene  (1.39 X  10-8 cm). For polyenes, where the single and double
bonds differ in length, Kuhn uses
L  =  (j'  +  )(11  +  12),
and
N  =  2j',
wherej'  is  the number of conjugated  double bonds,  and  11 and  12 are Pauling's  single
and  double bond distances,  1.46  X  10- s and  1.35  X  10-8 cm.  For carbonium  ions,
we  assume  a virtual  equivalence  of single  and  double  bond  distances,  and  in what
follows we  use the appropriate  equations.  However,  the  results are  substantially  the
same with both definitions  for L and N.
1  We  are using  the designations  max and  X, interchangeably.
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Blatz makes three predictions:  (a) The absorption maxima of two of the three visual
pigments  of goldfish cones,  knowing the third. All three are derived  from retinal 2, by
combination with three different cone opsins, which Blatz assumes appose Lewis acids
at  C14,  C 2,  and  C10,  respectively  (cf.  Fig.  1).  (b)  The  absorption  maximum  of
porphyropsin, knowing  Xma  of rhodopsin  to be at 500 mp.  Here,  Blatz assumes  that
rod  opsin  apposes  a  Lewis  acid  to  C 12 of  retinal  or  retinal2  to form  rhodopsin  or
porphyropsin.  (c)  The absorption  maximum  of cyanopsin,  given  Xma  of iodopsin at
562 m/t.  Blatz assumes that cone opsin "adds the Lewis acid stereospecifically  to C1 4"
of retinal  to form  iodopsin,  and  of retinal2  to form  cyanopsin  (Blatz,  1964-65,  pp.
757-758).
Let  us  calculate  the  results  of these  predictions.  The  absorption  maxima  of the
three types of goldfish cone pigments lie at about 455, 530, and 625 mu (Marks,  1965).
Different  opsins  might  be  expected  to  induce  different  degrees  of resonance  in  the
chromophore.  V  might  therefore  be  expected  to differ  for visual pigments  derived
from different opsins,  so that there is no theoretical  basis for using Xmax  of any one of
the  cone pigments  of the goldfish to calculate Xmax  of the others.
Blatz  calculates  Vo for the goldfish  pigments from  X , .ax  of the  green receptor  (537
m/u, on the basis of earlier data),  on the assumption that the Lewis acid makes contact
at C12 and therefore  induces a carbonium ion with four double bonds,  and  then uses
this V0 to calculate Nmax for the carbonium ions containing three and five double bonds
(cf. Blatz's Table I,  p.  758). Using  Kuhn's equation,  we obtain 0.19 ev for the value
of V0 (or 0.23  ev,  if we assume non-equivalence  of single  and double  bonds). This  is
about  one-third  the value  given in Blatz's  table,  in which  Vo  =  10.60  X  10-13  erg,
which is equivalent  to 0.66 ev. The value of 0.66 ev is obtained if one assumes that the
conjugated  system is  longer than the value of L derived  for four double  bonds from
Kuhn's equations.
If we use the value of  VO obtained following  the specifications  in Blatz's paper, and
calculate  Xmax  of the  two other pigments,  the absorption  maxima  predicted  for  the
red and blue receptors are 645 and 425 m/u, in rather poor agreement with the experi-
mental data.
Blatz's other  two  predictions  are much  more decisive  for his  theory,  for here  the
same opsin interacts with chromophores  of different lengths,  so that V  should indeed
be  the  same.  Blatz  specifies  for  the  rhodopsin  chromophore  a  carbonium  ion  with
three double bonds. If we put this condition and Xm.  = 500 m/, into Kuhn's equation,
we obtain  VO  =  -0.30,  an absurd result in Kuhn's formulation,  where  V  cannot be
negative.  We can  now say either that  VO  is essentially  zero,  or that it is an empirical
constant that can assume any value, and use  VO  =  -0.30. For  V  =  0,  X1i  = 580 mu;
for VO  =  -0.30,  X1  = 665 m/u. Neither agrees with Xmax  of porphyropsin at about 522
mYu.
The third  prediction  does  not fare much  better.  It states  that iodopsin  is a car-
bonium ion  with four  double  bonds  and  Xmax  562  m/u,  and  that cyanopsin  has  the
same  VO and five double bonds. From the conditions for iodopsin, we find  VO  = 0.078
ev; and  this yields for cyanopsin  X1  = 680 mu, in poor agreement  with the  observed
Xmax  at 620 mu.
Blatz's claim that for these visual pigments  "the arrangement  of X.  . . is com-
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pletely  predictable"  is  therefore  unwarranted.  The reason  why  the  agreement  is  so
bad, is as follows:  If one tries to derive pigments with absorption maxima like those of
rhodopsin  and iodopsin  from portions of the conjugated  system  of retinal  or retinal2,
one must assume a very large measure of resonance  (a very great delocalization of the
7r-electrons)-in Kuhn's formulation a very small  Vo. If this is so, then the addition of
one double bond, as  in going from  retinal  to retinal2,  necessarily  shifts  Xmax  to much
longer  wave  lengths.  The relatively  small  shift  in  XRx  observed  in  going from  the
retinal  to the  retinal2 chromophores  is  one of the main  reasons why  we assume that
the 7r-electrons  within  the entire conjugated  system are involved in all the visual pig-
ment chromophores  and  that the  various  opsins  differ  principally  in  the  extent  to
which they polarize  the  7r-electrons  (cf. Kropf and Hubbard,  1958; Hubbard,  1959).
TABLE  I
Absorption maxima  (Xmx)  of chromophores  derived from  the Schiff  bases
of retinal  and retinal 2 . Xmx of the  Schiff  bases  is calculated  using  Kuhn's
formula for polyenes, with  V  = 2.0  and j'= 6 and  7. To obtain  X  of por-
phyropsin  and cyanopsin,  we first calculate  V 0 for rod and cone opsins from
the absorption maxima of rhodopsin and iodopsin, using Kuhn's formula for
polymethines* and assuming  that the chromophores  of both  are carbonium
ions with five double bonds. Absorption maxima of the retinal2 pigments  are
then calculated  using  the  same  values  of V.,  and  assuming that  the chro-
mophores  contain  six  double  bonds.
Retinal  Retinal2
Calculated  Observed  Calculated  Observed
Vo  ?ma  Xmaz  Xmax  Xmax
ev  mla  m.  mA  mA
Schiff base  2.0  374  365  395  385
Rod pigment  0.785  - 500  556  523
Cone pigment  0.49  - 562  636  620
* The results are essentially the same whether one uses Kuhn's formulation for polymethines  or
for polyenes.
Kuhn's  equation  permits  a  number  of  calculations,  summarized  in  Table  I.  It
predicts  the absorption  maxima  of the aliphatic  Schiff bases  of retinal  and retinal2 ,
within about  10 mjy. If we use it to calculate  Vo for rod and cone opsin, assuming that
XX,  of rhodopsin  and  iodopsin  are both achieved  by interaction  of the  appropriate
opsin with the entire conjugated system of the retinal chromophore  (a carbonium  ion
with five double bonds), we can then use these values  of Vo  to predict the absorption
maxima  of porphyropsin  and cyanopsin  (carbonium ions with six double  bonds).  As
might be expected from the increase  in the assumed length of the conjugated  system,
these calculations agree better with the observed values than do the predictions on the
basis of Blatz's assumptions,  though  the predicted  absorption maxima still lie  at too
long wave lengths.  This  suggests that the  polarizing  interactions  between  the opsins
and  their  retinal chromophores  are probably weaker  than what would  be expected
from charge  transfer  complexes  (cf.  Kropf and Hubbard,  1958; Hubbard,  1959).
The point we wish to stress, however, is not that a more judicious use or some modi-
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fication of Kuhn's  equations might predict the absorption maxima of the visual pig-
ments more accurately.  We feel instead that the absorption maxima of the visual pig-
ments extend  over such a wide  range, with individual examples  at so many different
wave lengths, that one must assume that the different  opsins introduce  qualitative as
well  as  quantitative  differences  in  their  interactions  with  the  chromophores.  We
believe  that no quantitative  treatment can have  much  predictive value  until  much
more  is  known  about  the  differences  in  amino  acid  sequence,  conformation,  and
charge distribution among the various opsins.
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00568-11  to R.H.,  and  N.I.N.D.B.  Grant  NB-01923-05  to A.K.
Received for publication, August 4, 1965.
RumT  HUBBARD  and  ALLEN  KROPF
Biological  Laboratories,
Harvard  University, Cambridge,  Massachusetts,
and  Chemistry Department,
Amherst College,  Amherst,  Massachusetts
REFERENCES
BLATZ,  P. E., The role of carbonium ions in color reception, J.  Gen. Physiol.,  1964-65,
48,  753.
BROWN,  P.  K.,  and  BROWN,  P.  S.,  Visual  pigments  of  the  octopus  and  cuttlefish,
Nature, 1958,  182,  1288.
BROWN, P. K., and WALD,  G., Visual pigments in single rods and cones of the human
retina, Science,  1964, 144, 45.
CREscrrELLI,  F.,  The nature  of the gecko visual  pigment,  J.  Gen. Physiol.,  1956-57,
40, 217.
DARTNALL,  H. J.  A., and LYTHGOE,  J.  N.,  The spectral clustering of visual  pigments,
J.  Vision Research, 1965, 5, 81.
DENTON,  E. J.,  and WARREN,  F. J.,  Visual  pigments of deep-sea  fish,  Nature,  1956,
178,  1059.
GOLDSMITH,  T. H., The visual system of the honeybee,  Proc. Nat. Acad. Sc.,  1958, 44,
123.
HUBBARD,  R.,  On  the chromophores  of the visual  pigments,  Proc. Nat. Physic. Lab.,
Symp.  No.  8 (Visual  Problems of Colour),  H.  M. Stationery  Office,  1959,  p.  151.
KROPF,  A.,  and  HUBBARD,  R., The  mechanism  of bleaching  rhodopsin,  Ann.  N. Y.
Acad. Sc.,  1958, 74, 266.
KUHN,  H.,  A quantum-mechanical  theory  of light  absorption  of  organic dyes  and
similar compounds,  J.  Chem. Physics,  1949,  17,  1198.
MARKS, W. B.,  Visual pigments of single goldfish cones,  J.  Physiol., 1965,  178,  14.
WALD,  G., The receptors of human color vision, Science,  1964,  145,  1007.
WALD, G., BROWN,  P. K., and BROWN,  P.  S., Visual pigments and depths of habitat of
marine fishes, Nature, 1957,  180,  969.
385